Introduction {#S1}
============

Photoelectrochemical (PEC) cells are widely studied for the conversion of solar energy into chemical fuels.[@R1]--[@R3] Typically a photocathode is used to reduce water to hydrogen, and a photoanode is used to oxidize water to oxygen ([Figure 1, a](#F1){ref-type="fig"}). Because high reducing or oxidizing power can be generated in PEC cells under mild conditions upon light illumination, they are well suited to catalyze redox transformation of organic molecules to yield high added-value chemicals ([Figure 1, b](#F1){ref-type="fig"}). However, PEC cells have rarely been used in organic synthesis. Recently the oxidizing power of photoanodes such as BiVO~4~ and WO~3~ were exploited for the oxidation of 5-hydroxymethylfurfural (HMF),[@R4] benzylic alcohols,[@R5],[@R6] furan[@R7] and tetralin,[@R5] as well as cyclohexane.[@R8] Despite the conceptual advance, only a handful of simple substrates were tested in these studies. The utilization of PEC cells for broad-scope synthetic methodologies of functional organic molecules remains unexplored.

Organic compounds containing an aryl C-N moiety are ubiquitous in pharmaceuticals, agrochemicals and natural products. C-H amination has emerged as an attractive method to synthesize these compounds.[@R9]--[@R11] Nevertheless, a directing group in the substrates is typically required and the reactions normally occur at an elevated temperature. PhI(OAc)~2~ was employed as an oxidant for non-directed C-H imidation of arenes.[@R12],[@R13] However, an excess of oxidant and a high temperature (\>120 °C) were required. Nicewicz and co-workers[@R14],[@R15] reported an elegant approach harvesting the oxidation power of the photo-excited state of an organic photoredox catalyst, acridinium, for arene C-H amination ([Figure 2, a](#F2){ref-type="fig"}). Oxidation of electron-rich arenes to radical cations followed by nucleophilic addition of nitrogen nucleophiles was the key step in the catalytic cycle. The reactions occurred at room temperature and a high *para*-selectivity was achieved. This method was further improved by the group of Lei[@R16],[@R17] who developed oxidant-free conditions and the group of König[@R18] who broadened the scope of arenes using 2,3-dichloro-5,6-dicyano-*p*-benzoquinone (DDQ) as the photoredox catalyst. A challenge of this approach is the limited stability of organic photoredox catalysts. An alternative approach to similar arene C-H amination[@R19]--[@R21] was electrochemical oxidation, developed by the group of Yoshida[@R22]--[@R25] ([Figure 2, b](#F2){ref-type="fig"}). However, a high oxidation potential is required to oxidize the arenes to the radical cations.

Here we present a photoelectrocatalytic approach to non-directed arene C-H amination. Our strategy involves the use of an Earth-abundant and robust photoanode, hematite (*α*-Fe~2~O~3~), to conduct C-H amination in a PEC setting ([Figure 2, c](#F2){ref-type="fig"}). Hematite has been extensively studied for solar-driven water oxidation thanks to its low cost, high stability, and suitable bandgap of 2.1 eV for strong visible light absorption.[@R26],[@R27] However, it has not been explored for organic synthesis. The valance band position of hematite (2.3 V vs SHE) is comparable to the oxidation potentials of organic photoredox catalysts such as acridinium, suggesting similar reactivity. On the other hand, the stability of hematite and the heterogeneous nature of photoelectrocatalysis in a PEC cell offer potential advantages in catalyst lifetime and product separation. Compared to direct electrocatalysis, photoelectrocatalysis consumes less energy due to light harvesting. Our method is operationally simple and can be used to synthesize a broad range of nitrogen-containing heterocycles relevant to drug discovery. Interestingly, reverse selectivity is achieved for many substrates compared to previously reported photoredox and electrochemical methods.[@R14],[@R15],[@R23] The utility of this method is demonstrated by several examples of late-stage functionalization of pharmaceutical molecules.

Results {#S2}
=======

Optimization of reaction conditions {#S3}
-----------------------------------

The C-H/N-H coupling of anisole with pyrazole was used as the test reaction for the C-H amination ([Table 1](#T1){ref-type="table"}). Nanostructured hematite was prepared as described previously.[@R28] The reaction was performed with constant potential under blue LED light. After some initial testing, the potential was set to 0.73 V vs Fc/Fc^+^ where the photocurrent is at 2\~3 mA/cm^2^ and the reaction time was set to 10 h. The electrolyte was initially tetrabutylammonium hexafluorophosphate (TBAPF~6~). Inspired by the work of Berlinguette and co-workers which showed the benefit of organic media for PEC oxidation[@R5], various organic solvents were tested. Acetonitrile (CH~3~CN), the solvent of choice in direct electrochemical oxidation,[@R22]--[@R24] was ineffective ([Table 1](#T1){ref-type="table"}, entry 1). When CH~2~ClCH~2~Cl were used as the solvent, 14% of the desired product was obtained ([Table 1](#T1){ref-type="table"}, entry 2). The group of Waldvogel reported that a mixture of 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) and methanol as solvent was essential for electrochemical phenol-arene C-C coupling.[@R29]--[@R31] Inspired by their finding, we tested this solvent (4:1 HFIP/methanol) and were pleased to find that it led to a high yield of 75% ([Table 1](#T1){ref-type="table"}, entry 3). Both *ortho* and *para* isomers were formed with a ratio of 4:1. Surprisingly, the major product is the *ortho* isomer **3a**, in contrast to the results of photoredox and electrochemical reactions[@R14],[@R15],[@R23] where the major product was the *para* isomer. HFIP could not be replaced by CF~3~COOH ([Table 1](#T1){ref-type="table"}, entry 4). The reaction did not occur with HFIP or methanol as the sole solvent ([Table 1](#T1){ref-type="table"}, entries 5 and 6). Replacing TBAPF~6~ by LiClO~4~ as electrolyte, the yield was slightly higher and the selectivity was improved to 6:1 ([Table 1](#T1){ref-type="table"}, entry 7). Changing the ratio of HFIP and methanol changed the yields and selectivity but in opposite directions ([Table 1](#T1){ref-type="table"}, entries 8 and 9). Increasing the loading of the nucleophile to 3 equiv. improved the yield to 86%, but the selectivity decreased to 3:1 ([Table 1](#T1){ref-type="table"}, entry 10). Control experiments showed that in the absence of light or electricity no amination occurred ([Table 1](#T1){ref-type="table"}, entries 11 and 12). Without light but under a high applied potential, hematite could serve as a dark electrode. In order to reach the same current density, a potential of *E* = 1.53 V vs Fc/Fc^+^ was necessary. The yield was decreased to 58% and the selectivity was decreased to 2:1 ([Table 1](#T1){ref-type="table"}, entry 13). We also tried a conductive glassy carbon as a dark electrode. A potential of 1.33 V vs Fc/Fc^+^ was necessary, and the yield was only 38% ([Table 1](#T1){ref-type="table"}, Entry 14). Moreover, side products such as 1,2,4-trimethoxybenzene (about 5%) and 1-(2,5-dimethoxyphenyl)-1*H*-pyrazole (about 10%) were detected. These side products were absent when using illuminated hematite as the anode.

The time-dependent concentration profile of the reagents and products (under conditions of entry 7) was shown in [Supplementary Figure 2](#SD1){ref-type="supplementary-material"}. Although analysis of the rate order from this profile was complicated by mass transfer to the photoanode, it was apparent that the reaction started to slow down after about 6 h. About 10% of substrate, anisole, remained after 10 h. Increasing reaction time beyond 10 h would have a limited impact in the yield.

Scope of photoelectrocatalytic arene C-H amination {#S4}
--------------------------------------------------

With the optimized conditions in hand ([Table 1](#T1){ref-type="table"}, entry 7), the scope and limitation of the photoelectrocatalytic C-H amination method were explored ([Table 2](#T2){ref-type="table"}). Monosubstituted arenes were first tested. Arenes with one alkoxy substituent were aminated in good yields (**3-8**). Both *para-* and *ortho-* products were formed, and the major products was the *ortho* isomer. As mentioned above, this selectivity is opposite to analogous photoredox and electrochemical reactions.[@R14],[@R15],[@R23] When diphenyl was used as the substrate, a complete *para* selectivity was obtained (**9**). Multisubstituted arenes were also suitable substrates. For 1,4-disubstituted arenes, the reactions afforded single products with a complete site selectivity (**10-15**). Only isomers with the pyrazole group *ortho* to the alkoxy group were obtained. For 1,3-disubstituted arenes, two isomers were formed (**16-18**). Trisubstituted arenes could be aminated as well (**19** and **20**). In addition, polycyclic aromatic hydrocarbons such as naphthalene and 9,9-dimethyl-9*H*-fluorene were aminated to generate single isomers (**21** and **22**). Various functional groups such as ester (**6** and **17**), halogen (**5, 13, 14** and **18**), cyano (**15**) and acyl (**16**) are tolerated under the reaction conditions.

Substrates with high oxidative potentials gave low to mid yields, likely because the oxidation was inefficient. For example, methyl 4-methoxybenzoate reacted with pyrazole to give **11** in only 37% yield after 24 h, and 57% of methyl 4-methoxybenzoate remained unreacted. Likewise, 1-(3-methoxyphenyl)ethan-1-one reacted with pyrazole **to** give **16** in 48% yield after 24 h, and 49% of 1-(3-methoxyphenyl)ethan-1-one remained. We investigated the reaction of methyl 4-methoxybenzoate at different reaction times. After 10 h, the yield was only 10%, but after 36 h, the yield was 45%. Apparently the reaction rate became relatively slow after 24 h, making it difficult to achieve a high yield by extending the reaction time further. Improving the photoelectrochemical cell to promote mass transport is a potential future solution to increase the reaction rate for difficult substrates.

The scope of nitrogen nucleophiles was then explored. A diverse set of azoles were suitable reaction partners ([Table 3](#T3){ref-type="table"}). Pyrazoles with a methyl, chloride, and bromide group at the 4-position gave high yields of amination products (**23**-**25**), with high *ortho* selectivity. When 3-methyl-1*H*-pyrazole was used as the nucleophile, amination by the sterically less encumbered N was slightly favored (**26**). Triazoles including 1,2,3-triazole, 1,2,4-triazole and benzotriazole were also successful nucleophiles, giving products with *ortho* selectivity (**27**-**29**). Imidazole was not a suitable nucleophile (**30**).

For all reactions in [Tables 2](#T2){ref-type="table"} and [3](#T3){ref-type="table"}, only unreacted substrates, but no side products, were detected after the reactions (by GC). Overoxidation of electron-rich arenes to give trimerization of oligomerizaion was common in electrosynthesis.[@R30],[@R32],[@R33] From the mass balance (typically \> 85% for substrate and product), the overoxidation was insignificant, if it ever occurred in our system. The hematite photoanode was very stable during photoelectrocatalysis. The photoelectrode was always re-used. After being used for more than 10 times, the photoanode still gave similar results of amination reactions compared to a freshly made photoanode.

Late-stage functionalization of pharmaceuticals {#S5}
-----------------------------------------------

To further demonstrate the potential utility of this photoelectrocatalytic arene C-H amination method, we tested it for late-stage functionalization of pharmaceuticals. Clofibrate is a lipid-lowering agent used for controlling the high cholesterol level in the blood.[@R34] Using the present method, Clofibrate reacted with pyrazole to give the amination product **32** in 62% yield ([Figure 3, a](#F3){ref-type="fig"}). Likewise, Metaxalone, a muscle relaxant,[@R35] reacted with pyrazole to give the corresponding product **34a** (49%) and **34b** (24%) ([Figure 3, b](#F3){ref-type="fig"}). Moreover, antimicrobial agent benzethonium chloride[@R36] reacted with pyrazole to give **36** in 87% yield ([Figure 3, c](#F3){ref-type="fig"}).

(Photo)electrochemical measurements {#S6}
-----------------------------------

Some (photo)electrochemical measurements were performed to probe the properties and role of hematite in this photoelectrocatalysis. Linear sweep voltammetry (LSV) curves of the hematite photoanode were recorded in the reaction medium in the dark and under LED illumination ([Figure 4, a](#F4){ref-type="fig"}). In the absence of light, oxidation was observed only at potentials higher than 0.9 V vs. Fc/Fc^+^. Upon illumination, oxidation already started at *E*~onset~ = 0 V vs Fc/Fc^+^. Thus, the photo voltage supplied by hematite for this reaction was about 0.9 V. An applied voltage (e.g., 0.73 V vs Fc/Fc^+^) was necessary to enhance the separation of electrons and holes in hematite and give a reaction rate relevant to synthesis. Electrochemical impedance spectroscopy (EIS) was conducted to estimate the flat-band potential of hematite in the reaction medium. According to the Mott-Schottky curve derived from EIS data ([Figure 4, b](#F4){ref-type="fig"}) and [Supplementary Figure 4](#SD1){ref-type="supplementary-material"}), the flat-band potential was *E*~fb~ = -0.12 V vs Fc/Fc^+^. The difference between the *E*~onset~ and *E*~fb~ (*E*~onset~ - *E*~fb~ = 0.12 V) might be considered as the overpotential of the oxidation. Apparently the reaction has a small overpotential. The incident photon-to-electron conversion efficiency (IPCE) of hematite was also determined in the reaction medium ([Figure 4, c](#F4){ref-type="fig"}). The IPCE was similar to that measured in aqueous solutions,[@R28] indicating similar photophysical properties of hematite in aqueous and organic solutions. The Faradaic yield of C-H amination of anisole was determined by photoelectrolysis. A yield of about 35% was consistently obtained. Judging from the LSV curve of hematite in the presence of MeOH ([Supplementary Figure 5](#SD1){ref-type="supplementary-material"}), some of the photo generated holes from hematite were used to oxidize MeOH. The LSV curves of hematite in the presence of a single reaction partner, i.e., either anisole or pyrazole, indicated that the photo generated holes oxidized anisole but not pyrazole ([Supplementary Figure 6](#SD1){ref-type="supplementary-material"}).

Discussion {#S7}
==========

According to the above preliminary investigations and previous work on arene C-H amination, we proposed the following mechanism for the photoelectrocatalysis ([Figure 5, a](#F5){ref-type="fig"}). Upon illumination of hematite, holes are generated at the valence band. The holes oxidize an electron-rich arene to a radical cation, which is electrophilic and reacts with an azole to give intermediate **A**. Loss of a proton from **A** yields intermediate **B**, which upon oxidation and removal of one proton gives the amination product. The oxidation of **B** might occur at the photo anode by the photo generated holes, or through a methoxy radical which might be generated at the photoanode as well.[@R29] The photoelectrocatalysis is completed when the photoexcited electrons migrate from the conduction band of hematite to the counter electrode to reduce protons into dihydrogen gas.

The unusual selectivity of the present arene C-H amination method warrants some explanation. Generally, nucleophilic functionalization of mono-substituted arene radical cations would occur at both *ortho* and *para* positions of the substituent. The *para* isomer is expected to dominate due to the steric hindrance at the *ortho* position. This selectivity was indeed observed in previous photoredox and electrochemical reactions.[@R14],[@R15],[@R23] However, in this work high *ortho* selectivity was achieved. We speculate that the solvent 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) plays an important role in the observed selectivity. HFIP has some unique solvent properties[@R37] such as high polarity and weak nucleophilicity. HFIP can stabilize radical cations,[@R38],[@R39] which might be responsible for the high efficiency of the present photoelectrocatalysis. Moreover, HFIP is a strong hydrogen bonding donor and acceptor.[@R40]--[@R44] It was reported that HFIP formed H-bonding with oxygenated compounds such as ethers[@R40] and phenyliodine diacetate[@R41]. Furthermore, H-bonding from HFIP in the transition states was proposed to promote epoxidation of olefins using H~2~O~2~[@R43],[@R44] and electrophilic aromatic chlorination[@R42]. Based on these literature precedents, we hypothesize that a hydrogen bonding network is formed among anisole, HFIP and pyrazole ([Figure 5, b](#F5){ref-type="fig"}). The hydrogen bonding would favor the amination at the *ortho* position. When the hydrogen bonding was not available, e.g., in the case of diphenyl ([Table 2](#T2){ref-type="table"}, **9**) and 9,9-dimethyl-9*H*-fluorene ([Table 2](#T2){ref-type="table"}, **22**) as substrates, only *para*-product was generated. In previous work invoking hydrogen bonding from HFIP[@R40],[@R44], CF~3~CH~2~OH was shown to have a similar role as HFIP. Thus, we conducted the reaction in [Table 1](#T1){ref-type="table"} using CF~3~CH~2~OH/MeOH (4:1, 3 mL) as the solvent. The yield was 61% and the selectivity was 2:1. While this selectivity was inferior to that obtained using HFIP/MeOH, the *ortho* product was still favored. If a non-fluorinated solvent such as CH~2~ClCH~2~Cl~2~ was used, no selectivity was found (*o:p* = 1:1). This result is consistent with the hypothesis that hydrogen bonding from a fluorinated alcohol leads to higher *ortho* selectivity.

While both processes utilizes light generated oxidative power to generate the arene radical cations, the photoelectrocatalysis described here is fundamentally different from photoredox catalysis. The light absorption is achieved by a solid-state semiconductor and the photogenerated hole is located at the delocalized valence band. The catalyst is regenerated by migration of photoexcited electrons to a counter electrode to form H~2~. The catalytic process is heterogeneous. On the contrary, in photoredox catalysis the light absorption and charge separation are done by a single molecule and the catalyst is regenerated by quenching the oxidized photocatalyst with a reductant. The catalytic process is homogeneous. The unique features of photoelectrocatalysis can lead to some potential advantages such as high stability and easy separation of catalysts as well as de-coupling of oxidative and reductive reactions. Moreover, as shown in photoelectrocatalytic water splitting,[@R45]additional catalytic layers might be deposited onto the surface of photoelectrodes to catalyze reactions that are otherwise sluggish or impossible by direct electron transfer.

The photoelectrocatalytic approach described here is also fundamentally different from electrochemical synthesis. In this approach, the hole is transferred from the edge of the valence band to the substrate for oxidation. The energy level of the edge is independent of the external bias, which is used to improve charge separation, or to drive the reaction at the metal counter electrode, or both. The charge transfer occurs through the surface states of the semiconductor. While the nature of these surface states remains challenging to characterize, the kinetics of direct charge transfer can be very fast. In electrochemical synthesis, the electron is transferred from the substrate to the Fermi level of the conductive (metallic) electrode. The potential is used to shift the Fermi level in order to match the redox potential of the substrate. The charge transfer is typically an outer sphere event, which can be limited by kinetics. Because of the different nature of the charge transfer processes, different reactivity patterns may be observed using photoelectrocatalytic or electrochemical synthesis. Thus, energy saving due to light harvesting is not the only advantage of photoelectrocatalysis over electrochemical synthesis. Finally, the external bias required in this work can become unnecessary under one or more of the following conditions: (i) A tandem device composed of two light-harvesting components provides enough voltage for the reactions; (ii) The redox couple at the counter electrode matches the flat-band potential of the semiconductor. Clearly further development is required to realize the potential benefits of photoelectrocatalysis.

Conclusion {#S8}
==========

A photoelectrocatalytic method for non-directed arene C-H amination has been developed, employing abundant and robust hematite as the catalyst. A wide range of heterocycles containing an aryl C-N moiety can be prepared from simple arenes and azoles without pre-functionalization of substrates. Unusual *ortho*-selectivity is achieved from many substrates that typically exhibit *para*-selectivity under previously reported methods. The method has been successfully applied for late-stage functionalization of several pharmaceutical molecules. The works opens a new avenue in using PEC cells for organic synthesis.

Methods {#S9}
=======

General {#S10}
-------

[Supplementary Methods](#SD1){ref-type="supplementary-material"} for experimental details and characterization data as well as [Supplementary Figures](#SD1){ref-type="supplementary-material"} for additional results and NMR spectra can be found in the [Supplementary Information](#SD1){ref-type="supplementary-material"}.

Materials {#S11}
---------

All manipulations were carried out under nitrogen. The following chemicals were purchased and used as received: Iron pentacarbonyl (Fe(CO)~5~, Aldrich), tetraethoxysilane (TEOS, Aldrich), LiClO~4~ (Aldrich), tetrabutylammonium hexafluorophosphate (TCI), aromatic compounds (Aldrich or TCI), azoles (TCI). Hematite[@R46] and substrates (ethyl 3-phenoxypropanoate[@R47] and 4-methoxyphenyl 4-methylbenzenesulfonate[@R48]) were prepared according to previously reported procedures. All other reagents and solvents were purchased from commercial sources and used without purification.

Analytical Methods {#S12}
------------------

NMR spectra were recorded on Bruker Avance 400 MHz spectrometers. ^1^H NMR chemical shifts were referenced to residual protio solvent peaks or tetramethylsilane signal (0 ppm), and ^13^C NMR chemical shifts were referenced to the solvent resonance. Data for ^1^H NMR are recorded as follows: chemical shift (δ, ppm), multiplicity (s = singlet, d = doublet, t = triplet, m = multiplet or unresolved, coupling constant (s) in Hz, integration). Data for ^13^C NMR are reported in terms of chemical shift (δ, ppm). GC measurements were conducted on a Perkin-Elmer Clarus 400 GC with a FID detector. GC-MS measurements were conducted on an Agilent Technologies 7890A GC system equipped with a 5975C MS detector. HRMS-ESI measurements were conducted at the EPFL ISIC Mass Spectrometry Service with a Micro Mass QTOF. LSV and CV curves were recorded with a three-electrode configuration using VMP-3 instrument (Biologic Science Instrument). Hematite or glassy carbon electrode was used as a working electrode with a Ag/AgCl reference electrode and a Pt counter electrode. LSV and CV curves were performed at a scan rate of 30 mV/s without stirring. All potentials (vs Ag/AgCl) were calibrated with ferrocene/ferrocenyl couple (Fc/Fc^+^) by reducing 0.17 V. Electrochemical impedance spectroscopy measurement was performed by a three-electrode configuration using Autolab PGSTAT302N (Metrohm). A sinusoidal voltage perturbation was superimposed on a bias voltage, with 10 mV amplitude and frequencies ranging from 100,000 to 0.1 Hz. The impedance was measured at bias voltages from -0.77 to 0.63 V vs Fc/Fc^+^. All EIS measurements were performed in dark. The incident photon-to-charge conversion efficiencies (IPCE) were measured under light from a 300 W xenon lamp through a monochromator (TLS-300XU; Newport). The photo response was compared with that of a calibrated silicon photodiode (FDS100-CAL, Thorlabs) to determine the IPCE at each wavelength.

Supplementary Material {#SM}
======================

This work was supported by the EPFL, a consolidator grant from the European Research Council (ERC) under the European Union\'s Horizon 2020 research and innovation programme (no.681292 to X.H), the PECHouse3 project from the Swiss Federal Office of Energy (no. SI/500090-03, M.G. and J.L.), the Strategic Japanese-Swiss Science and Technology Programme from the Swiss National Science Foundation (no. 514259, M.G. and J.L.), and the Chinese Thousand Talents Program for Young Professionals (to J.L.).

**Data Availability**

The data that support the plots within this paper and other findings of this study are available from the corresponding author upon reasonable request.

**Author Contributions**

X.H. directed the project. L.Z. conceived and performed most of experiments. L.L. prepared hematites and conducted electrochemical impedance spectroscopy analysis. J.L. and D.R. measured the incident photon-to-electron conversion efficiency (IPCE). X.H. and L.Z. wrote the paper, with input from others. All authors analysed the results and reviewed the paper.

**Competing Interests**

The authors declare no competing interests.

![Photoelectrochemical cells.\
**a**. Cell for water oxidation; **b**. Cell for oxidative transformations of organic substrates.](emss-81219-f001){#F1}

![Arene C-H amination.\
**a**. Via organic photoredox catalysis; **b**. Via direct electrochemical oxidation; **c**. Via photoelectrocatalysis.](emss-81219-f002){#F2}

![Late-stage Functionalization of Pharmaceuticals.\
**a**. C-H Amination of clofibrate; **b**. C-H Amination of metaxalone; **c**. C-H Amination of benzethonium chloride.](emss-81219-f003){#F3}

![(Photo)electrochemical measurements.\
**a**. LSV curves of a hematite photoelectrode under LED illumination (red line) and in the dark (black line) in HFIP/MeOH (4:1, 3 mL) containing LiClO~4~ (0.1 M), anisole (0.2 mmol) and pyrazole (0.4 mmol). Scan rate: 30 mV/s; **b**. Mott-Schottky plot measured in HFIP/MeOH (4:1); **c**. IPCE of hematite measured under catalytic conditions at *E* = 0.73 V vs Fc/Fc^+^.](emss-81219-f004){#F4}

![Mechanistic hypothesis.\
**a**. Proposed Mechanism of C-N bond formation; **b**. Proposed hydrogen bonding among anisole, HFIP and pyrazole.](emss-81219-f005){#F5}

###### Optimization of reaction conditions for the photoelectrocatalytic arene C-H amination [\[a\]](#TFN1){ref-type="table-fn"}

  ![](emss-81219-i001.jpg)                                                                                                     
  ------------------------------------------------------------------- --------- -------------- ---------------------- -------- ---------
  1                                                                   2.0       TBAPF~6~       CH~3~CN                0        \--
  2                                                                   2.0       TBAPF~6~       CH~2~ClCH~2~Cl         14       1:1
  3                                                                   2.0       TBAPF~6~       HFIP/MeOH (4:1)        75       4:1
  4                                                                   2.0       TBAPF~6~       CF~3~COOH/MeOH (4:1)   0        \--
  5                                                                   2.0       TBAPF~6~       HFIP                   0        \--
  6                                                                   2.0       TBAPF~6~       MeOH                   0        \--
  **7**                                                               **2.0**   **LiClO~4~**   **HFIP/MeOH (4:1)**    **77**   **6:1**
  8                                                                   2.0       LiClO~4~       HFIP/MeOH (3:1)        78       4:1
  9                                                                   2.0       LiClO~4~       HFIP/MeOH (5:1)        62       8:1
  10                                                                  3.0       LiClO~4~       HFIP/MeOH (4:1)        86       3:1
  11[b](#TFN2){ref-type="table-fn"}                                   2.0       LiClO~4~       HFIP/MeOH (4:1)        0        \--
  12[c](#TFN3){ref-type="table-fn"}                                   2.0       LiClO~4~       HFIP/MeOH (4:1)        0        \--
  13[b](#TFN2){ref-type="table-fn"},[d](#TFN4){ref-type="table-fn"}   2.0       LiClO~4~       HFIP/MeOH (4:1)        58       2:1
  14[b](#TFN2){ref-type="table-fn"},[e](#TFN5){ref-type="table-fn"}   2.0       LiClO~4~       HFIP/MeOH (4:1)        38       12:1

Yiled determined by GC

Without light

Without electricity

Applied potential: *E* = 1.53 V vs Fc/Fc^+^

Glassy carbon (\~1.2 cm^2^) was used as the anode. Applied potential: *E* = 1.33 V vs Fc/Fc^+^

###### Scope of arenes for the photoelectrocatalytic arene C-H amination.[a](#TFN6){ref-type="table-fn"}

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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  ------------------------------------------------------------------------------------ ---------------------------------------------------------------------------------- --------------------------------------------------------------------------------- -----------------------------------------------------------------
  ![](emss-81219-i003.jpg)\                                                            ![](emss-81219-i004.jpg)\                                                          ![](emss-81219-i005.jpg)\                                                         ![](emss-81219-i006.jpg)\
  **3**, 10 h, 77% *o:p* = 6:1                                                         **4**[b](#TFN7){ref-type="table-fn"}, 10 h, 65% *o:p* = 7:1                        **5**, 10 h, 56% *o:p* = 4:1                                                      **6**[c](#TFN8){ref-type="table-fn"}, 15 h, 66 % *o:p* = 5:1

  ![](emss-81219-i007.jpg)\                                                            ![](emss-81219-i008.jpg)\                                                          ![](emss-81219-i009.jpg)\                                                         ![](emss-81219-i010.jpg)\
  **7**[c](#TFN8){ref-type="table-fn"}, 15 h, 86 % *o:p* = 4:1                         **8**[b](#TFN7){ref-type="table-fn"}, 10 h, 71% *o:p* = 3:1                        **9**[b](#TFN7){ref-type="table-fn"},[c](#TFN8){ref-type="table-fn"}, 15 h, 50%   **10**[c](#TFN8){ref-type="table-fn"}, 8 h, 77%

  ![](emss-81219-i011.jpg)\                                                            ![](emss-81219-i012.jpg)\                                                          ![](emss-81219-i013.jpg)\                                                         ![](emss-81219-i014.jpg)\
  **11**[c](#TFN8){ref-type="table-fn"},[d](#TFN9){ref-type="table-fn"}, 10% (10 h)\   **12**[b](#TFN7){ref-type="table-fn"},[c](#TFN8){ref-type="table-fn"}, 24 h, 54%   **13**, 10 h, 56%                                                                 **14**[b](#TFN7){ref-type="table-fn"}, 10 h, 51%
  37% (24 h), 45% (36 h)                                                                                                                                                                                                                                    
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  **15**[c](#TFN8){ref-type="table-fn"}, 15 h, 52%                                     **16**[c](#TFN8){ref-type="table-fn"}, 24 h, 48% P~1~:P~2~ =2:1                    **17**[c](#TFN8){ref-type="table-fn"}, 24 h, 89% P~1~:P~2~ =3:1                   **18**[c](#TFN8){ref-type="table-fn"}, 10 h, 82% P~1~:P~2~ =2:1

  ![](emss-81219-i019.jpg)\                                                            ![](emss-81219-i020.jpg)\                                                          ![](emss-81219-i021.jpg)\                                                         ![](emss-81219-i022.jpg)\
  **19**[b](#TFN7){ref-type="table-fn"},[c](#TFN8){ref-type="table-fn"}, 24 h, 50%     **20**[c](#TFN8){ref-type="table-fn"},10 h, 78% P1:P2 = 3:1                        **21**, 10 h, 62%                                                                 **22**, 10 h, 60%
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Reaction conditions: Substrate (0.2 mmol) in HFIP/MeOH (4:1, 3 mL) at ambient temperature. Isolated yields.

Applied potential: E = 0.83 V vs Fc/Fc^+^

Azoles (0.6 mmol, 3 equiv.) was added.

Applied potential: E = 1.03 V vs Fc/Fc^+^. HFIP/H~2~O (9:1, 3 mL) was used.

###### Scope of nitrogen nucleophiles for the photoelectrocatalytic arene C-H amination.[\[a\]](#TFN10){ref-type="table-fn"}

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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  **23**[b](#TFN11){ref-type="table-fn"}, 10 h, 41% *o:p* = 7:1   **24**, 15 h, 58% *o:p* = 14:1   **25**, 10 h, 44%                                               **26**, 15 h 38% *o:p* = 7:1   **26\'**, 27% *o:p* = 1:1
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  **27**[c](#TFN12){ref-type="table-fn"}, 24 h, 43% *o:p* = 2:1   **28**, 24 h, 74% *o:p* = 4:1    **29**[c](#TFN12){ref-type="table-fn"}, 15 h, 59% *o:p* = 4:1   **30**, 10 h, 0%               
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Reaction conditions: Substrate (0.2 mmol) and azoles (0.6 mmol, 3 equiv.) in HFIP/MeOH (4:1, 3 mL) at ambient temperature. Isolated yields.

Azoles (0.4 mmol, 2 equiv.) was added.

Applied potential: *E* = 1.03 V vs Fc/Fc^+^.
